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THE FINE STRUCTURE OF THE SPECTRAL CURVES OF PEOTOCONTUCTIVITY
AND IUVINESCENCE EXCITATION AND ITS CORRELATION TO EXCITON
ABSORPTION SPECTRUM

E.F.Gross and B3.V.Novikov
ABSTRACT

The exciton fine structure of the fundamental absorption edge
in semiconductor crystals was examined. It was observed that sub-
stances having such a structure are fairly strong photoconductors.
This fact leads to the conclusion that there is a correlation
between the exciton absorption lines and the shape of photo-
conductivity curve.

Crystals with well known structures of the absorption edge -
Cds, Cu,0, Hgd,, PbJ, and GaSe were chosen for investigation. A
fine structure of the spectral curves of photoconductivity, cor-
responding to exciton absorption lines, was discovered in all the
investigated crystals at low temperatures. Its properties in a
CdS single crystal were studied in detail. It turned out that
either the maxima (1lst type of crystals) or the minima (2nd type
of crystals) on the photocurrent curves could correspond to the
exciton absorption lines. By means of proper treatment crystals
can be converted from one type into another and vice versa.

The coincidence of photocurrent and absorption maxima is
considered as a consequence of exciton participation in giving
rise to photocurrent. Possible mechanisms of exciton participa-
tion in creating charge carriers are discussed.

On the spectral curve of luminescence excitation of CdS crys-
tals at low temperatures, a fine structure related to the exciton
spectrum is also observed. Either maxima or minima on the excita-

tion spectral curve coincide with the exciton absorption lines.
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THE #INE STRUCTURE OV THE SPECTRAL CURVES OF

PEOTOCONDUCTIVITY AND LUMINESCENCE EXCITATION

AND ITS CORRELATION TO EXCITOR ABSORPTICN SPECTRUM

E.¥.Gross and 3.V.Novikov

ln 1931 J.¥.Frenkel /1/, for the first time, suggested a
hypothesis concerning nonphotoconductive excitation in a oxystal
lattice. This excitation, capable of migrating through the
crystal, was called an exciton.

Prenkel's ideas found further development in the theoretical
works of Wannier /2/, Mott /3/, Heller and Marcus /4/, Pekar
/5¢/ and others. Later, both theoreticians and experimentators
sometimes apnlied to the hypothesis on the exciton in connection
with the attempt to explain some or other phenomena. Thus,
for instance, th; well-known wide absorption peaks in alkali-
balide crystals were identified with excitation, by means of
light, of excitons jin these crystals. The concept of the
exciton was also referred to in connection with migration of
energy in luminescense processss /7/. In essence, the concept
of the exciton (under the name of "cnergy migration" ) was used
by Vavilov for the explanation of some phenomena of luminescsence
in liquids. . The role of the exciton as the energy carrier
was taken into account when explaining a number of experimental
facts in the phenomena of external and internal photoeffect.

It was shown in a number of very interesting and important
researches of prof. Apker and his collaborators /8/ that a
whole series of peculiarities in the phenomenon of photoemission
becomes clear, if one assumes the participation of the exciton
in these phenomena.
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As a result of a whole saries of experiments, carried
out for the purpose of studying photoconductivity in Cu20
crystals, Zhuze and Rivkin /9/ came to the conclusion that
the role of the exciton in the phenomenon of photoconducti-
vity is essential. However, the problem whether such a gquasi-
particle really existed in crystals remained to be proved.
Confirmation to the actual existence of such a particle in
crystals was obtained further from another gquarter - that
of opticd phenomena, Procseding from the experimental
results of Zhusze and Rivkin, research on optical absorption
at low temperatures in Cu20 crystals was undertaken by one
of the authors (E.G.) in 1950, These investigations resulted
in the discovery of a hydrogen-like series of narrow lines
on the absorption edge of the crystal /10/. This series
of lines was interpreted /10/ as the optical exciton ﬁpectrum
in the cu20 crystal.

This investigation, proceeding from the exciton concept,
gave an interpretation of the coefficients of the hydrogen-

" 1ike series /10/, and revealed their relationm to the reduced
effective mass of exciton (the effective masses of nle&tron
and hole), Ridberg's constant and crystal refraction index,
on the one hand, and the energy of exciton photo-dissooia-
Studies [H2] as metl as

tion - on the other. Further¥detailed electro-optical | 35/
and magneto-opticafé%i;est1gations of the Cu20 absorption
spectrum confirmed the correctness of 4ts exciton interpre-
tation,

The existence of the hydrogen-like series on a Cu20

abgsorption edge was independently discovered also in the

FGil OFFICEAL C3E ONLY
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experiments of Hayashi /ll/.x/ In further investigations,
carried out in different laboratories, the complex structure
of the absorption edge was observed in a number of other
crystals. This phenomenon, which reveals itself with particu-
lar distinctness in Cu20, is a general property of crystal
lattices. At present, there are no doubts that this structure
is the exciton optical spectrum of the crystals.

As will be seen further, the complex structure on the
absorption edge turned out to be closely connected with the
photo-electric phenomena in crystals. Pirst of all, it was
noticed /13/ that all crystals with a complex absorxrption edge
structure are strong photo-conductors, e,g. Cu20, Cds, Cdse,
Zns, Hglg, PbJ2, Agl and others. All these materials at low
temperatures reveal narrow and strong lines at the absorption
edge; these lines should be connected with the formation of
excitons. Besides, the fact that these groups of exciton
lines are disposed in that part'of the spectrum where the maxi-
mum photoconductivity is usually observed, draws attention to
itself.

Side by side with crystals in which a clear exciton spectrum

x/ Tn this paper /11/, however, Hayashi does not give any
interpretation of the hydrogen-like series coefficients, does
not relate the hydrogen-like Cu20 spectrum with the exciton.
After the publication of our paper on the exciton spectrum
/10/ Hayashi and Katsuki, in a later articlefjgjsubscribed to
our interpretation of the hydrogen-like Cu20 spectrum only

in the case of the green series. The Cuy0 yellow series 1is
attributed by them to the polaron, and in a recent 1959 publi-
cation /34/ Hayashi again stresses this conception.

One cannot agree with the Japanese authors' latter inter-
pretation of the Cup0 yellow series as a polaron spectrum,

gecause such an explanation is at variance with experimental
acts.

nn ereip ' _
FC2 CTRICINL Per gnY
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with strong lines is observed, there are crystals which do
not reveal the absorption edge structure, e.g.: Mooj, 31205,
v205, Asgs5, PbO (the yellow form) and others. It was noticed
that in such crystals photoconductivity is either not observed
at all or is of a very low value. B

The correlation between the exciton lines and photoeffect
displays itself particularly ¢lcearly in the case of red and
yellow modificationtof H312 crystals /14/. In the red modifi-
cation there are exciton lines and a strong photoeffect; in
the y=1llow modification the exciton lines are absent and the
photoeffect is extremely weak. This fact is particularly con-
vincing, as the correlation betwecn the exciton lines and the
photoconduction value is observed here on one and the same
material.

A detalled study of the spectral photosensitivity of
crystals, in the absorption spectra of which lines,connected
with exciton, are observed, is of great importance for Clearing
up the role of excitons in photoconductivity. The discovery
of photosensitivity peaks, coinciding with exciton absorption
lines, would be direct proof that formation of excitons at
light absorption leads to the apnearance of charge carriers.

The first experiments in this direction were undertaken
by us together with A.A.Kaplianski in 1955 on CdS and Hgl,
crystals /15/. Both these materials are strong photoconductors
and have a rich structure in absorption. At preszn}, the
absorption edge spectrum of CdS /31-33/ has been studied in
particular details. The theoretical investigations of Biyman
/16/ and Lopfield /17/ made it possible to classify the intene

FOR OFFICIAL 1S5 gty
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sive exciton lines into three groups - A, B and C, each of
which corresponds to the tramsition to exciton levels from
one of the valence bands.

Investigations on the spectral distribution of photo-
currents in monocrystals CdS were carried out at Ta77°K and
4°K with polarized light /18/. A mono-chromator of a relative-
ly high dispersion was used for the investigations. The width
of the slit varied within the limits from 0.5 A to 5 A. The
thickness of the CdS samples (and all other investigated
by us substances) was chosen with the aim in mind so that
all the amount of light in the spectral region of the exciton
lines was fully absorbed by the crystal.

About 80 monocrystal samples, grown in different ways,
were 1nvestigated.x/ At low temperatures the spectral photo-
current curves of all the investigated crystals reveal clear
peaks in the spectral range of exciton absorption lines. The
shape of the photocurrent curves and its character of correla-
tion with the absorption lines, make it possible to divide
the large variety of obtained curves into two types.

In certain samples (conventionally attridbuted to the
"first"® type) the photocurrent maxima (peaks) correspond to
the absorption lines on the spectral distribution curve and
coincide in position with them.

In other samples (the "second" type) the spectral photo-

current curve differs greatly from the curve for crystals

x/ The authors are grateful to Prof. S.M.Rivkin (Physico-
Technical Institute, Leningrad) and Prof. R.Rompe (Institut
fur Strahlungsquellen Berlin) for the possibility of experi-
mentation with crystals grown in their laboratories.

E DFFIGIAL L'SE oLy
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of the first type: in this case, the absorption lines coin-
cide in position with the photocurrcnt minima (dips). The
spectral photocurrent curves, for crystals of both types, de-
pend considerably upon the orientation of the crystal with
respect to the direction of propagation and polarization of
the incident 1light.

In fig. 1 characteristic spectral photocurrent curves
obtained on two samples belonging to different types are shown,
for example. The curves were obtained for different polari-
sations of incident light.

In the long-wave part of the curve of first-type crystals
(f£ig 1, a and b, curves 1) there 18 a number of clearly
defined peaks. The first of them 4870 A is polarised with
the electric vector EL C. This peak, according to position
and polarization, coincides with the most long-wave intensive
absorption line in the corystals C4S observed at T = 77%:.

The remaining photocurrent paaks (some of which,apparently,
are only partially polarized) are located near AL 4840 A,
4795, 4730 and 4660 A . - These peaks also correspond to the
intensive absorption lines the position of which 1s shown in
fig 1. DBoth long-wave photocurrent peaks 4870 A and 4840 A
are rather narrow, their half-width 18 6 — 8 A .

In fig. 1 it 1s seen tlat the photocurrent curve of 1lst
type crystals looks like a wide, smooth maximum ("background*)
with protruding peaks above it., The relative value of pe=ks
and background, on which these peaks are located, may greatly
differ in various samples. In some samples the peaks make

a comparatively srall addition to the strong background

FER OFricy USE ONLy
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(curves a3b3 in fig 2), while as in others it is the other
way round: the largest part of sensitivity is concentrated

in the peaks (curves a,b, in fig 2). It 1s noteworthy that
an increase of the background lcads to a decrease of the relae
tive value of peaks, i.e. the background is not simply added
to the peaks, but, in a way, absorbs them.[20]

In 2nd type crystals (fig. 1 a and b, curves 2) the steep
rise of the photocurrent for both polarizations begins at
noticeably larger wavelengths in comparison with the already
described 1st type crystals. An essential difference in the
crystals of both types is observed also in the short-wave
part of the curves. The 2nd type crystals have a steeper
short-wave drop of tke photo-current curve, where a distinct
structure consisting of narrow peaks and dips is observed.

The narrow minima (with halfwidth 6 = 8A ) correspond to
absorption lines AX 4870A and 4840A , the wider ones are
located near absorption lines.li. 479% and 4730A. In certain
samples the minima also is seen near line 4660A . It 1is
of essential importance tlLat in second type crystals the
minima (dips) and not the maxima (peaks) on the photocurrent
curve correspond to the absorption lines. This is also a
significant difference between the two types of orystals.

As 1is the case in the 1lst type crystals, the relative
depth and clarity of the photocurrent minima may differ from
sample to sample, and, sometimes, may differ also in different
parts of one and the same crystal.

Investigations of 2nd type crystals with polarized light

reveal a strong dependence of the long-wave part of the photo-

FOR OFFIGIAL USE ghyy
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conductivity curve upon the polarization of the incident
light.

The dip on the photo-current curve (fig.l a, curve 2),
connected with line 4870A , is present only in component
ELC, aund 18 absent in component E || C; this is due to the
strong polarization of this absorption line with E_[ C. It must
be noted that strong photocurrent peaks near 4890A on curve 2
(fig 1, a) for component E_L C do not correspond to any absoxrp-
tion line. The same takes place also in the case of the most
longwave and intensive peak near 4860A for component E // C
(fig 1 b, curve 2)., Other peaks on the photo-current curves
of 2nd type crystals (fig.1l, a and b, curve 2) do not have
any correspondence with absorption lines either. These peaks,
the position of which, by the way, considerably changes from
sample to sample, are closely connected with the depth of
the minima (dip) on the photo-current curves of 2nd type
crystals. These peaks apparently are caused by the side
parts gwingss of the absorption line shape, the central parts
of which coincide with the dips of the photo-current surve.
Thus, the situation here is analogous to the phenomenon of
selfreversion of the atomic spectral lines, when on the shape
of the emission line there sometimes also appear two side
peaks, which change their position in dependence with the
conditions of the experiment. In this respect, the above-
mentioned peaks on the photo-currant curve of a 2nd type cryss
tal must be regarded as some "false" peaks, which should not
correspond to the absorption lines, and, therefore, no definite
physical sense should be ascribed to them.

Such a self-reversion of the peak on the spectral curve
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of the photoemission of coloured alkali-halide crystals was
observed under certain conditions by Apker and Taft /8/.

At room temperature the difference between 1lst and 2nd
type crystals still remains. Purther we shall consider the
connection between these groups, and the conditions under which
crystals pass over from one type to the other.

Our following observations are testimony to the fact that
the absorption lines are correctly compared with the narrow
photo-current peaks (in cases of 1last type crystals) and narrow
dips (in 2nd type crystals) /18/.

By orientating the optical axis of the crystal perpendicu-
lar to the rotation axis, and parallel to the electric vector
of the polarizer, it is possible as is known /32/ to obsexve,
in an extraordinary ray, an intensification of absorption line
48T0A when increasing angle (EAC).between the crystal axis
and electric vector of the incident light /32/.

As it 1s seen in fig 3, an increase of the angle between
E and C from 0 to 40 1in 1st type crystals leads to the appearan-
ce of a peak on the photo-current curve in the same place as
absorption line 4870A .

¥hen increasing angle (EAC) - the peak increases and the
whole curve approaches the shape characteristic of E C.

In fig. 3,b the behaviour of the long-wave part of the
photo~-current spectral curve for 2nd type crystals at an ana-
logous rotation of the crystal is presented. In these crys-
tals, when increasing the angle between E and C on the long-
wave drop of the photo-current curve (on the drop of the "false®
peak), a dip, which rapidly increases with the increase of

the angle, appears in the same place as absorption 1line
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4870 A. As a result of this there appears on the photo-current
curve & second "false" peak, which shifts in the direction of
the larger wave lengths, and grows in size while rotating the
crystal.

At large angles the shape of the curve approaches the curve
characteristic of ELC in 2nd type crystals also.

It is known that when lowering the temperature 1o 4°K, the
absorption edge of CdS crystals, and the lines located near
i1t shift in the short-wave direction. The spectral photo-
current curves also shift in the same direction. The narrow
long-wave photo-current peaks in 1lst type orystals at Tw™ 4°K
become yet narrower and take up a position near AL 4853 and
4823 AA ,(i.e. are displaced from their positions at T = 77°
by 17A) fig. 12b. It 1s possible to observe also at 4°K a
photo-current peak at 4808A. In 2nd type crystals the photo-
current dips are 1écated at the same wave-lengths. The wide,
short-wave photo-current peaks (dips) undergo a somewhat
smaller temperature shift.

The insufficient dispversion of the monochromator did not
enable us so far to reveal the photo-current peaks' fine structu
ve of which is connected with the existence of longitudinal
and transvarse excitons /21/ in CdS crystals. According to
the th:=oretical conception of Pekar and Dykman /22/ the longi-
tudinal exciton waves must give rise to a photo-current several
times stronger than in the case of transverse ones.

A cooling to 4% considerably influences the general shape
with the spectral photo-durrent curve (see further).

A question naturally arises whether the discovered pheno-

menon (the fine structure of the photoconductivity curve) is
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a general one for all crystals with an exciton spectrum. The
most interesting substance from this point of view was Cuao,
where the exciton absorption spectrum is observed especially
clearly. 1Indced, the experiments carried out in the Soviet
Union (Gross - Pasternjak /23/) and in the United States

Porti
(Ap!el%ﬂ?f?%’proved that on the Cu20 photo-current curve, in
the yellow and green parts of the spectrum, photo-current
peaks are obscrved. They form two hydrogen-like series, which
exactly correspond to the yellow and green series of the exciton
in Cu,0 (see fig. 4). At the same time, the shape of the photo-
conductivity curve reflects all the peculiarities of the absorp-
tion edge structure.
| A similar conformity between the fine absorption structures
and photo-conductivity has been discovered now in a large num-
ber of substances. Nearly simultaneously with CdS these pheno-
mena were discovered by us in a crystal of red modification -
Egl,. Investigations were carried out on a number of single
HgI2 crystals in polarized light. The most typical curves are
presented in fig. 5. A comparison of the absorption spectra
data /14,26/ reveals that on the photo-current curve in the
case of ELC the dips at AA 5330A and 4930A coincide with the
absorption lines. According to our terminology this curve be-
longs to the 2nd type of crystals. Apparently, the dips on
photo-current curve for the case of extraordinary ray (E// C)
should also be compared with the absorxrption lines. Absorxrption
line 5330A 1is polarized with EL C, and, therefore, the
structure only on the photo-current curve for ordinary ray
should correspond to it. The narrow photo-current peak in compo-
nent E C, situated near line 5330A, we think, should not be

FOR OFFICIAL UST ONLY

Declassified in Part - Sanitized Copy Approved for Release 2011/11/01 : CIA-RDP80T00246A015000070001-7



Declassified in Part - Sanitized Copy Approved for Release 2011/11/01 : CIA-RDP80T00246A015000070001-7

FOR GFFICIAL USE ONLY

- 12 -
connected with the absorption line. This peak (its position
differs from sample to sample) is, apparently, a false peak,
typical of 2nd type crystals, as is the case in CdS. It must
be noted that in some crystals in coﬁponent EL C, the photo-
current peak may correspond to absorption line 5330A (1lst
type of crystals).

Side by side with the red modification, the orange modifi-
cation of Hglz also has a strong photo-conductivity. At T =
7T°K 4in the long-wave part of the spectral photo-current curves
of these cxrystals a structure is also observed, the extremes
of which may be compared with the absorption lines discovered
in this material by Sieskind and his collaborators /25/. In
fig.6 two most typical spectral photo-current curves for two
different HgI2 crystals of orange modification are presented.

In single crystals Pbl, and Ga Se the structure of the
absorption edge is particularly simple. Thus, in Pb12 at
T = 77°K a wide band, with  4950A as the centre /14,27/, 1is
observed; in GaSe at the same temperature we may'observe a
strong line near 4900A, and a wide weak band at 5870-5800 A
/28/. The simplicity of the absorption structure 4n these
substances makes it possible to observe, with great obhvious-
ness and convincingness, the phenomenon which was for the first
time discovered by us with CdS: the absorption lines manifest
themselves as photo-current peaks in 1st type orystals, and
as dips on the spectral photo-current curves in 2nd type crys-
tals. This phenomenon for Pb12 and GaSe substances is 1llu-
strated in fig. 7 and 8.

We have discovered a rich structure of photo-current curves

in polycrystalline films of Agl. Fig 9 a and b gives the photo-
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current curves for the cubic and hexagonal modifications of
this substance. A comparison of obtained results with publish-
ed data on absorﬁtion /29/ shows that the dips on the photo-
current curves coincide with the absorption lines in both Agl
modifications.

The discovered correlation, in a large number.of substances,
between the structure of the spectral photo-conductivity curves
and the line structure of the absorption edge, we think, shows
a possibility of using photo-conductivity as a spectral method
for investigating energy levels in a crystali The investigation
of energy absorption levels by means of the photo-conductivity
method, does away with the difficulties connected with the
size, surface conditions, and the thickness of the samples.

It ie well known that the preparation of very thin single
crystals, for investigating their absorption spectrum, presents
considerable difficulties. The necessity of a registering
apparatus falls away. This fact is very important when investi-
gating those parts of the spectrum, which are difficult for
access. As our investigations show, photo-conductivity spectra
in some cases are more "sensitive" than the absorption spectra.
Thus, in CAS a number of photo-current peaks was discovered
considerably earlier than the corresponding lines in absorp-
tion.

Thus, the described observations show that the absorption
lines are closely connected with the structure of the spectral
photo-current curves, can promote both an increase of the
photo-current (in the case of peaks), eﬁd its decrease (in the
case of dips). It presented certain interest to find out

under what conditions the absorption:}ines manifest themselves
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in the spectral distribution of photo-current as peaks, and
under what conditions as dips. One of the experiments carried
out in this direction was the thermal treatiment of Cds crystals
with different cooling conditions (annealing and tempering).

CdS crystals were heated in a furnace at T = 4oo-5oo°c
during 1 - 1 1/2 hours, and then quickly cooled to room tempera-
ture, or, more often, to the temperature of liquid nitrogen
(tempering). In cases of annealing the crystals, heated during
the same period of time, were slowly cooled (approximately 10-
12 hours) to room temperature. The spectral photo-current
curves were investigated both before and after the described
thermal treatment at T = 77°K.

FPirst-type crystals, where the absorption lines correspond
to the photo-current peaks, essentially changed the general
shape of the spectral photo-current distribution after being
subjected to tempering. ¥From the long-wave side there appeared
a wide, clear peak; from the short-wave side a redistribution
of photo-current values took place in such a way that now
the dips on the photo-current curve corresponded to the absorp-
tion lines. Such a transition took place with greater certie
tude at quicker cooling t0 T = 77f1°K. Tempering did not
produce any considerable effect upon 2nd type crystals.

f PYurther we established that 1lst type crystals after anneal-
ing retained the shape of their spectral curves which they had
before the thermal treatment (after annealing in some cases

the peaks on the photo-current curve became clearer). In 2nd
type crystals after annealing the spectral photo-current ocurves
changed, and took the shape characteristic of lst-type crystals.
Thus, annealing transferred 2nd-type crystals into 1lst type
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crystals.

The process of transferring CdS crystals from one type into
another is quite reversible. We managed to transfer a 1lst
type crystal after tempering into a 2nd type crystal, and then
by means of annealing to transfer it back to its original state.

Besides annealing and tempering, we investigated the influen:
ce of a mechanical trecatment of the surface of CdS crystals
upon the structure of their photo-current curves /19/. It was
possible to presume that the influence of defects, located on
the surface, would be particularly essential. The absorption
coefficient in the exciton lines and background is quite consi-

derable (more than 10°cm™1),

and, consequently, the excitons
and free current carriers arise in the immediate proximity of
the surface.

In fig. 10 are shown the spectral photo-current curves of
a crystal which originally belonged to the lst type (fig.10a)
after different mechanical treatment of the surface. The treat-
ment of the sample surfaces was carried out in the following
sequence: polishing on the surface of wet silk (fig. 10 b);
polishing on silk with chromium oxide (fig. 10c); grinding with
fine emery powder (fig. 10d). An examination of the obtained
results makes it possible to mention the following regularities:

1) Already after a slight treatment of the surface the
photo-current peaks (curve a) self-reverses, forming dips (curve
b, fig.10).

2) The long-wave false peak widens and shifts in the direct«
ion of the long waves (curves b,c,d, fig.10) when increasing

the degree of surface treatment.

It must be noted that with the incrcease of degree of surface
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treatment the general photo-sensitivity of the samples also
considerably talls.x/

In the case of CuQO»cxystals a mechanical treatment of
a surface (and also etching of the surface, absorption of
water and spirit moleculzs on it) produces a strong influence
on the shape of structure of photo-current curves in the
region of Cu,0 exciton sories /30/. The photo-conductivity
peaks shift, and the hydrogenlikeness 1s brokem (fig 1).). How-
ever, the relatively small value of photo-current peaks in
relation to background, does not enable to observe here the
phenomenon as clearly as in CdS.

We established that in the course of time changes take
place with the photo-current curves of some CdS crystals;
these changes remind one of those that are caused by a mechanie
‘cal treatment of the surface. First type crystals pass over
into 2nd type. A sharp drop of sensitivity in the short-wave
part of photo-current curves takes place in 2nd type crystals.
This is connected apparently with the deterioration of the
surface condition.

An interesting phenomenon is obscrved at a considerable
cooling (to 4°K) of CAS orystals, which at T = 77°K belonged
to the 2nd type. An increase of sensitivity takes place im
the short-wave part of the curves in relation to the longewave
part. Simultaneously the long-wave false peak becomes less

clear. However, the photo-current peaks in these grystais

x/ In our first experiments /15/ when the fact of exisience
of two types of CdS crﬁstals had not yet been established, we
tried to explain the phenomenon of selfreversion of photo-
current peaks by the difference of absorption coefficlents in
ordinary and extraordinary rays. On the ground of the facts
set forth, this explanation was rejected as erroneous.
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crystals at T = 4°K correspond to the absorption lines ( at
T = 4°K) as was the case at T = 77°K.

In some crystals a cooling to 4°% causes a considerable
change of the correlation between the photo-current curves
and absorption lines. The crystal, which at T = T77°% belonged
to the 2nd type (the photo-current dips coincide with the
absorption peaks), at T = 4°k passcs over into the first type
(the photo-current peaks coincide with the absorption lines).
The spectral photo-current curves of such a crystal for T =
77°K and T = 4°; are given in fig. 12a,

An account was given above concerning the observed facts
relating to the phenomena of photo-conductivity. We find it
of some interest to compare them with the phenomena of lumines-
cence, as it is known that both these groups of phenomena are
often correlated. It turned out trat when studying the spectra
of luminescence excitation of CdS orystals (at T = 77°Kk), a
connection between luminescence and exciton absorption lines
is also revealed. As is the cas: on the curves of spectral
distribution of photoconductivity excitation, on the curves of
luminescence exoitgtions we observe peaks also, which coincide
with the exciton absorption lines. This phenomenon has also
been observed by Datton /38/, Broude and others /39/.

Recently /41/ it was establiskhed that CdS crystals, accord-
ing to the excitation curves of edge emission (green) lumines-
cence, may be divided, chiefly, into two kinds (fig. 13, ourves
4 and 5). In 1st type crystals the peaks on the excitation
curves coincide with the exciton absorption lines, and in 2nad
type crystals the dips coincide with the exciton absorption
lines. These two kinds of crystals are closely connected and
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1st type crystals can be transferred into 2nd type crystals
by means of thermal treatment. Thus, an evident parallelism
between the phenomena of photoconductivity 1is observed here.

Similar phenomena in luminescence were discovered in 3312
and Pbl, crystals. In Hgl, crystals (red modification) the
excitation spectra, both of the yellow-green and red lumines-
cence were studied on one and the same sample /40/. The excita-
tion spectra of these luminescence bands considerably differ.

If in the case of the excitation spectrum of red luminescence
the peaks coincide with the absorption lines ( AA 5330A, 4930A),
in the excitation spectrum of the yellow-red luminescence, the
dips correspond to the absorption lines (fig.l3, curves 1, 2
and 3). A surface treatment considerably influences the shape
of the exciton curves of yellow-green luminescence; the excita-
tion curves of red luminescence do not noticeably change.

The appearance of photo-current peaks in crystals, where
the light in the region of fundimental absorption is absorbed
completely by the crystal, is testimony to the existence of
two mechanisms of photo-current origination. One of them -
the usual one - is connected with the direct formation of free
electrons and holes. The second one is connected with light
absorption in the lines. The trustworthy fact that the absorp-
tion lines appertain to the exciton specaks in favour of the
agsumption that this second creation mechanism of free carriers
has, as an intermediate stage, a neutral particle - the exciton.

Two principal processes of origination of free charges
through exciton state are conceived.

1) Dissociation of the exciton by thermal oscillation of

the lattice.
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However, the comparatively considerable binding energy
of the exciton makes this process hardly probable. Besides,
from this point of view, it would be very difficult to explain
the phenomenon (which is experimentally observed) of transition
of photo-current peaks to dips at thermal treatment of CdS
crystals. Furthermore, this process should have had a signifi-
cant temperature dependences, which, however, is not experimental-
ly observed either in the peaks or the background.x/

2) An interaction of the exciton cither with the impurity
centre, defect or other excitons. This process provides for
a transfer of the exciton energy to the electron of the impurity
centre or defect as a result of a "2nd kind collision" /9/.
We consider this mechanism of photo-current origination more
probable than the first one for the explanation of the pheno-
mena observed by us. The pronosed mechanism includes in itself
as an obligatory fact the movement of the exciton. Therefore,
the existencz2 of peaks on the photo-current curve should then
be considered as proof in favour of exciton migration in the
crystal lattice.

1f we accept this mechanism of origination of photo-current
peaks, it must give explanation to the origination of dips on
the spectral photoconductivity curve. We assume that the de-
fects in the crystal lattice play here a considerable role.
Indeed, the defects are sure to impede the movement of the

exciton and stimulate its "premature" nonphotoactive annihila-

x/ It 1s possible that in separate cases this mechanism plays
%

a certain role, in the phenomena studied by us, but not a lead-
ing one.

FGR OFFICIAL USE CHLY

Declassified in Part - Sanitized Copy Approved for Release 2011/11/01 : CIA-RDP80T00246A015000070001-7



Declassified in Part - Sanitized Copy Approvgd fqr?ReIeg?!se 20111 1/01': CIA-RDP80T00246A015000070001-7
Fon LrHGiAL USE ONLY
- 20 -

tion. This makes it difficult for the exciton to migrate to
those centres, to interact with them and to create free charge
carriers. It is natural to assume that the mﬁximum number of
such defects will be near the surface. This, we think, may ex-
plain the specific shape of the photo-conductivity curves with
dips.

The high coefficient in the absorption peak of the exciton
lines leads to the origination of excitons chiefly in the thin
layer of the orystal in the immediate proximity of the surface.
At a large concentration of these defects, the annihilation of
excitons will be maximum for spectral regions with the highest
absorption coefficient (centre of absorption line). The exci-
tons, formed by the outer parts gw1n356 of the absorption lines,
will be originated in the depth of tke crystal, where the con-
centration of defects is less than near the surface. This must
lead to the self-reversion of the exciton photo-current peak on
the photo-conductivity curve. This causes the formation of
dips and false peaks in 2nd type crystals.

The results of our experiments with thermal treatment and
8rind ing of crystals then receive a natural explanation from
the latter point of view. It is known that both at tempering
and grinding a large number of defects appear in the crystals.
It 1s not surprising that after these treatments 1st type crys-
tals pass over to 2nd type crystals.

It is natural to assume that annealing "heals" the defective
parts of the crystals, and, therefore, the concentration of
excitons that take part in the origination of a photo-current,
after annealing again increases and photo-current peaks appear

again on the places of exciton lines.
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As we have already mentioned earlier, the spectral photo-
conductivity curves of the investigated crystals at low tempera-
tures are made up of two parts: photo-current peaks and structu-
reless background. This phenomenon, apparently, is in confor-
mity with the spectrum on the edge of the fundamental absorp-
tion, consisting of exciton lines and a continuous background.

A rise of the background in photo-conductivity takes place, appa-
rently, simultaneously with the increase of the background in
absorption. This is seen, for instance, from our investigations
with evaporated CdS films /20/. It must be particularly noted
that the intensity of the background on the photo-conductivity
curves in relation to the peaks changes not only from sample to
sample, but, to a greater degree, from substance to substanoce.
Thus, for instance, in a Cu,0 orystal the height of the peak
above the background is so slight that their detection presented
certain experimental difficulties. At the same time in Cds
crystals the exciton peaksusually stand out boldly. This shows
that the contribution of excitons to photo-conductivity may
differ greatly from subgstance to substance.

The photo-electric effectiveness /the gquantum yield/ in the
lines and background are, probably, different. This is an indi-
cation to the different nature of these phenomena. We think
that the existence of a background on the photo-conductivity
curve is connected with the direct formation of free charge
carriers by means of light, i.e., by the ordinary (usually comn-
sidered) mechanism.

However, one must keep in mind that the primary formation
of light of the electron and hole, may lead to the formation

of exciton as a secondary phenomenon. We think it is natural
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to assume that a recombination of the electron and hole, may
take place through the intermediate formation of exciton, and
that, probably, a direct annihilation of the electron and hole
is even hardly possible. The electron in a free band and hole
when meeting, at first form the exciton in different excitation
states, and then annihilate from exciton levels either with
emission of light or without radiation. Thus one can assume
two ways of exciton formation in a crystal under the effect of
light - direct and indirzct (through the free electron and hole)
/37/. Exciton, formed in such an indirect way, can also cause
a photo-current as a result of collisicn with the impurity
centre or phonon. If this phenomenon actually takes place, then
the exciton photo-conductivity component may be found not only

in peaks but also in a continuous background.
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INSCRIPTIONRS TO THE DRAWINGS

Fig.1l. Curves of spectral photo-current distribution of two types
(1 and 2) of CdS crystals in polarized light.

Fig.2. Curves of spectral photo-current distribution in three
cdS crystals at T = 77°K. a - /ELC,, b - E/IC .

Fig. 3. lnfluence of rotation of a CdS crystal upon the shape of
épectral curves of photo-current distribution. a - for 1st type
crystals; b - for 2nd type crystals.

rig.4. The spectral photo-current dependence of a Cu20 crystal.
The tension of applied electric field E= 750 v/cm, T = 77°x
(curves a', b',C').

Original curves of a fine structure of spectral photo-current
dependence of a Cu,0 crystal. T = 77°K. a - regiom of first
step, E= 1,5 kv/om.; b - region of exciton yellow series,

E = 750 v/cm; ¢ - region of exciton green series, E = 750 v/om
/After Gross and Pasternjak/.

Fig.5. Spectral photo-current dependence of a Hgl2 crystal of red
modification at T = 77°K 4in polarized light.

¥ig.6. Spectral photo-current dependence in a HgI2 crystal of
orange modification at T = 77°K.

Fig.7. Spectral photo-current dependence in a Pbl, crystal at
T « TT°K. The crystal optic axis is perpendicular to the
sample surface.

Fig.8. Spectral photo-current dependence in a GaSe crystal at
T = 77°K. The crystal optic axis is perpendicular to the sample
surface.

Fig.9. Spectral photo-current dependence in Agl polycrystalline
films. (original curves) a - cubic modification; b - hexagonal
modification.

Fig.10. Spectral curves of photo-curreat distribution (in relative

nn preey ]
oit Coro tt Fer palY

Declassified in Part - Sanitized Copy Approved for Release 2011/1 1/01 : CIA-RDP80T00246A015000070001-7



Declassified in Part - Sanitized Copy Approved for Release 2011/11/01 : CIA-RDP80T00246A015000070001-7

FUR UFHUIAL UE UNLY

units for each curve) of a CdS crystal after different sur-
face treatment at T = 77°K.
a - non-treated crystal (the peaks marked by arrows coincide
with absorption lines);
b - after a short polishing on wet silk;
¢ - after polishing on silk with chromium oxide;
d - after grinding with fine emery-powder.
Fig.ll. Spectral photo-conductivity distribution of aCu20 sample
at T = 77°. Sample thickness - 400 .
a - natural surface;
b - after etching in HNO3 (a similar curve, but with a
washed out fine structure, i1s obtained after polishing);
¢ - after a 20 min, annealing at 150°C 4n air;
d - after oxygen photo-gsorption on the annealed surface.
Shift of the photo-current fine structure peaks in the
region of yellow exciton series after surface treatment
(original curves).
a' - natural surface;
b' - after etching in HNO,
/After Gross and Pasternjak /30/.
Fig.12. Spectral photo-current dependence in a CdS crystal at
T = 77°R and 4°k in polarized light.
Fig.l3. Luminescence excitation spectra of CdS and H312 crystals
at T = 77°K. (after Gross, Razbirin and Shekhmametjev / 41 /)
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